The maximum power point tracking (MPPT) is a strategy that allows imposing the PV array operation point on the maximum power point (MPP) or close to it under any environmental condition. The conventional incremental conductance (INC) algorithm is the most popular algorithm. But due to the fixed step size, its response speed is low under the rapid change of the solar irradiation level or load resistance. In this paper, a new MPPT technique is proposed to enhance the response speed. It consists of two stages: (1) the computing stage and (2) the regulating stage. The computing stage includes the coarse positioning operation and fine positioning operation. And an initial value of the duty cycle is generated in the computing stage, according to the characteristics of the DC-DC converter and the characteristics of the I-V curve. The regulating stage regulates the duty cycle of the DC-DC converter with a small step size, which can improve the tracking efficiency. And the computing stage can enhance the response speed. A simulation comparison of the proposed MPPT technique with other techniques is carried out in MATLAB/Simulink under different scenarios. The simulation results reveal that the response of the proposed algorithm is 4.6 times faster than that of the INC under these scenarios, and the proposed algorithm has higher efficiency.
Introduction
The MPPT technique is used to ensure that the PV array always acts supplying the maximum power as possible, because of the nonlinear characteristics of the PV array [1, 2] . Many MPPT techniques have been presented and discussed in the literature [3] [4] [5] [6] [7] . And they can be classified as the conventional MPPT techniques and advanced techniques.
The conventional MPPT techniques include perturb and observe (P&O) [6] [7] [8] [9] , INC [10] [11] [12] [13] , and incremental resistance (INR) [14] . And they are the most popular algorithms because of their simple structure and easy implementation. However, their duty cycle has an oscillation at the steady state [6] , which results in power losses. The advanced techniques, including fuzzy logic [15] , neural network [16] , and evolutionary computation [17] [18] [19] , can yield superior performance under the uniform solar irradiance and partially shaded conditions [6] . Nevertheless, they are hard to implement and rely heavily on precise settings of parameters [14, 20] .
In the case of the rapid changes of solar irradiation or load resistance, the response of the P&O and INC algorithms with the fixed step size is low. Therefore, the P&O and INC algorithms with a variable-step size are proposed [21, 22] . However, the step size becomes smaller when the operating point is close to the MPP [23] .
A few modified algorithms have been introduced to enhance the converging speed during the variation of the solar irradiation level and load. In [24] , a novel MPPT technique is introduced that uses the MPP locus proposed in [25] and the short-circuit current, load current, and voltage to track the MPP. The process of determining the shortcircuit current and open-circuit voltage results in large power loss and low efficiency. A fast converging algorithm is introduced in [23, 26] that uses the relationship between the load line and the I-V curve. However, its tracking speed is slightly slow under the increase of solar irradiation. A modified P&O algorithm is introduced in [27] to improve the efficiency, and it uses a dynamic boundary to mitigate the probability of losing the tracking direction. An improved Beta algorithm is proposed in [28] to enhance the tracking speed and eliminate the oscillations at a steady state. In [29] , the relationship between the voltage and the current of the MPP and irradiation level is used to guarantee fast converging speed and negligible oscillations around the MPP. The faster and more robust MPPT technique, which uses a Bode ideal cutoff (BICO) filter in the extremum seeking controller (ESC), is proposed in [30] to achieve a transient rise to the MPP. The quick MPPT technique is introduced in [31] , and it can yield good performance under the uniform solar irradiance and partially shaded conditions by using the internal parameters of the PV module.
In this work, a new MPPT technique is proposed to track the MPP directly and also suitable for the fast change of irradiation and load. And it consists of two stages: (1) the computing stage and (2) the regulating stage. The computing stage includes the coarse positioning operation and fine positioning operation, which generates an initial value of the duty cycle according to the characteristics of the DC-DC converter and the characteristics of the I-V curve. The duty cycle generated by the computing stage is close to the MPP duty cycle. Thus, this stage enhances the tracking speed. The regulating stage regulates the duty cycle by using a small step size, and it is performed till the set condition is met. And the set condition is introduced in Section 3. This stage improves efficiency by ensuring that the operating point is on the MPP or close to it. This paper is structured as follows. Following Introduction, Section 2 presents the PV modeling and introduces the PV characteristics under the different solar irradiation levels. Section 3 presents the design of the boost converter, the conventional algorithm, and the new MPPT technique. The simulation results under different scenarios are demonstrated in Section 4, and Section 5 gives the conclusion of the paper.
PV Modeling and Characteristics
2.1. Model of PV Panel. The most popular PV models are the single-diode model and the two-diode model [32] . For the accurate data, the two-diode model in [33] is used in this paper as shown in Figure 1 .
The mathematical model of the PV panel can be presented by the following equations [33] :
and the diode saturation current I D1 and I D2 is given by [33] 
The specifications for the PV module used in this paper are given in Table 1 [34].
Characteristic
Curves of PV Array. The PV modules utilized are the MSX-64 configured in a 3 × 1 array. When the temperature is 25°C, the I-V and P-V curves under different solar irradiation levels are shown in Figure 2 .
As shown in Figure 2 , the PV array current depends heavily on solar irradiation. However, the MPP voltage V mmp increases slowly when the irradiation increases. The markers in Figure 2 are the MPPs under different irradiation levels, and the MPPs can be connected approximately by a straight line (MPP line) [25] .
The New MPPT Technique with
Boost Converter 3.1. Boost Converter Design. The MPPT system is a DC-DC converter controlled through a strategy (i.e., MPPT technique), and it acts as a power interface between the PV module and the load [1, 35] . There are several DC-DC converters, including buck, boost, buck-boost, SEPIC, and Cúk converters. Among those converters, buck and boost converters both have a simpler structure and higher efficiency. Thus, the boost converter is used in this paper. And the MPPT control system based on the boost converter is shown in Figure 3 . The operation principle of this converter is described by the following equations [36] :
where M ðDÞ = 1/ð1 − DÞ. The voltage ripple of input capacitor C in and output capacitor C out in the boost circuit can be computed as [36] 
and the current ripple of inductor L in the boost circuit also can be computed as [36] ΔI
to make the boost converter operate in the continuous conduction mode (CCM). Therefore,
According to [10] ,
Then,
3.2. The Conventional INC Algorithm. The INC algorithm uses the instantaneous conductance of the PV array and the incremental conductance and compares them in order to obtain the MPP [35] . That is to say, it is based on the slope of the PV array power versus voltage curve is zero at the MPP. Therefore, this algorithm can be modeled as follows:
The flowchart of the INC algorithm is presented in Figure 4 [6] . This algorithm measures the current and voltage of the PV array. If (12) is met, the duty cycle is decreased, and vice versa if (13) is met [10] . The power drawn from the PV array with a lager step size contributes to faster dynamics but excessive steady state oscillations, resulting in a comparatively low efficiency [22] . The converging speed is low, when this algorithm tracks the MPP with a smaller step size.
3.3. The New MPPT Technique. To solve the above problem, a new MPPT algorithm is proposed in this paper. It consists of two stages: (1) the computing stage and (2) the regulating stage. And the computing stage includes the coarse positioning operation and fine positioning operation. An initial value of the duty cycle is generated in the computing stage, according to the characteristics of the DC-DC converter and the characteristics of the I-V curve. The regulating stage regulates the duty cycle by using a small step size. So, the regulating stage can improve the efficiency by ensuring that the operating point is on the MPP or close to it. And the computing stage can enhance the response speed.
Substituting M ðDÞ = 1/ð1 − DÞ, P PV = V PV I PV into (4) and (5), respectively, yields
According to (14) and (15) , if the variable P PV in (14) is the PV maximum power P mpp , the variable D obtained by (15) is the MPP duty cycle. The P mpp can be regarded as the product of the short-circuit current I SC and the MPP voltage V mpp in [20] , as shown in
By substitution of (16) into (14) and (15), we obtain
The D value obtained by (18) is close to the MPP duty cycle. But the variables V mpp and I SC in (17) are unknown. According to the MPP locus in [25] , the variable V mpp in (17) can be replaced by the previously tracked MPP voltage. To get the I SC value, a method is introduced in [20] that the switching device of the DC-DC converter is kept ON for a certain period of time. Although an accurate I SC value can be obtained by this method, this process results in large power losses. This paper finds the approximate value for the variable I SC or I mpp in (17) and (18), according to the variation of the operating point during the variation in solar irradiation or load resistance.
Decrease in Solar Irradiation
Level. When the solar irradiation level is 1000 W/m 2 , the PV array operates at point B of the load line 2, as shown in Figure 5 (a). Then, if the irradiance is decreased from 1000 W/m 2 to 400 W/m 2 , the operating point immediately switches from point B to B 1 along the load line 2, because the duty cycle remains unchanged. As presented in Figure 5 (a),
, and the operating current, I B 1 , is close to the MPP current of 400 W/m 2 , I A . So,
Yes Yes
Yes Yes (17) and (18) yields
3.3.2. Increase in Solar Irradiation Level. If the PV array operates at point A in Figure 5 (a), the current and voltage of the PV array are I A and V mpp , respectively. Then, if the solar irradiation suddenly increases to 1000 W/m 2 , the operating point changes from point A to A 1 along the load line 1. However, the current of the operating point A 1 , I A 1 , is far away from the MPP current of 1000 W/m 2 , I B . The trigonometry rule in [23] can be used to make the extension line of segment CA 1 intersect the MPP line at point A 2 , as shown in Figure 5 (a). It can be found that (17) and (18) yields 
Load The variable I A 2 can be computed as follows [23] :
and the variable V C can be computed as [23] 
When the irradiance level is 100 W/m 2 , the PV array operates at point D of the load line 3, as shown in Figure 5 (a). Then, if the irradiance is increased from 100 W/m 2 to 400 W/m 2 , the operating point moves from (23), it is obvious that the obtained I A 2 is negative. That is to say, the modified INC in [23] is unable to be implemented when the irradiance is increased from 100 W/m 2 to 400 W/m 2 . To ensure I A 2 > 0, equation (24) need be rewritten as (17) and (18) can be rewritten as Figure 5 (b). The new MPP can be tracked by using (26) and (27) because the MPP remains unchanged.
The relation between the voltage and current of the PV array and solar irradiation or load resistance is summarized in Table 2 .
The flow chart of the proposed algorithm is shown in Figure 6 . The variables flag_inc and flag_dec mean the increase and decrease in the solar irradiation level, respec-tively. Similarly, when the load resistance is increased and decreased, the variables flag_load_inc and flag_load_dec are set to 1, respectively. The variable Flag is used to indicate that the PV system is operating at the MPP if it is set to 1. Because equation (11) can never be met in practical [17] , a permitted error is accepted to detect if the MPP is reached, as shown in equation (28) [11] :
Equation (29) is used to improve efficiency by ensuring that the operating point is on the MPP or close to it, as shown as
And the duty cycle of the DC-DC converter is regulated by a small step size (i.e., 0.007). That is the regulating stage of the proposed technique. When (28) is met but (29) is not, the regulating stage is performed, as shown in Figure 6 (a).
The proposed technique firstly tracks the MPP by using the INC technique as shown in Figure 6 (a). When the MPP is tracked (i.e., equation (28) is met.), the MPP voltage and current are stored as V mpp and I mpp , respectively. And the variable Flag is set to one. If (29) is not met at the next sample cycle, the regulating stage of the proposed technique is performed, and vice versa if (29) is met.
After that, when (28) is not met and Flag is one, the proposed technique calls CPO subroutine, as shown is Figure 6 (a). The CPO subroutine in Figure 6 (b) is the coarse positioning operation of the proposed technique. Then, the variable Flag is set to zero, and the variables V out and I out are calculated by using (3) and (4), respectively. Afterward, the variation of solar irradiation or load resistance is detected by using dI and dV. Finally, the duty cycle is updated by (21) , (22) , and (23) if the increase of solar irradiation is detected; the duty cycle is calculated by (19) and (20) if the detection result is the decrease of solar irradiation; otherwise, the duty cycle is updated by using (26) and (27) .
At the next sample cycle, the proposed technique calculates I out and V out and calls FPO subroutine, as shown in Figure 6 (a). The FPO subroutine in Figure 6 (c) is the fine positioning operation. In this subroutine, the duty cycle is updated by different equations under the variation of solar irradiation and load resistance. For the variation of solar irradiation, the equations for the fine positioning operation are 
International Journal of Photoenergy (19) and (20); otherwise, the equations are (26) and (27) . After the FPO subroutine is performed, the operating point is close to the MPP. Thus, the computing stage, including coarse positioning operation and fine positioning operation, can enhance the converging speed. At the next sampling cycle, if (28) is not met, the proposed technique regulates the duty cycle using a big step size (i.e., 0.01). When (28) is met, if (29) is not met, the regulating stage with a small step size (i.e., 0.007) is performed till (29) is met. 
Results and Discussion
Yes Flag=0 precs=0.04 ΔD=0.01
ΔV>0
Calculate I A2 using equation (23) No Yes Calculate I out@mpp using equation (21) Calculate I out@mpp using equation (19) Calculate duty cycle using equation (22) ΔI>0&&ΔV>0
Or ΔI<0&&ΔV<0
Yes
Calculate I out@mpp using equation (26) Calculate V out and I out using equation (3) and (4) Calculate duty cycle using equation (20) Calculate duty cycle using equation (27) No No Or Calculate I out@mpp using equation (26) Calculate duty cycle using equation (27) Calculate I out@mpp using equation (19) Calculate duty cycle using equation (20) Yes No Table 1 . The converter is designed for a continuous inductor current mode with the following specifications: C in ðPV sideÞ = 470 μF,C out ðboost circuitÞ = 220 μF, and L = 1 mH. The switching frequency for the IGBT is set to 10 kHz. And a variable resistor is used as the load.
A simulation comparison of the proposed MPPT technique with other techniques, such as conventional INC technique [6] , variable-step size INC (VSSINC) [22] , and modified INC (MINC) [23] , is carried out under different scenarios. The different scenarios include irradiance variation under strong intensity, irradiance variation under weak intensity, and load variation. The sampling time for the MPPT controller is 0.05 s. The step size for conventional INC, MINC, and the proposed technique is 0.01. The maximum step size for VSSINC is 0.04. Figure 8 shows the simulation result for this scenario, where the irradiance level is increased from 400 W/m 2 to 1000 W/m 2 at t = 0:799 s and decreased to 400 W/m 2 at t = 2:799 s. From t = 0 s to t = 4:8 s, the load resistance and the temperature are fixed at 80 Ω and 25°C, respectively.
Irradiance Variation under Strong Intensity.
The conventional INC takes the longest time to track the MPP, as shown in Figure 8 . When the irradiance is increased and decreased, it takes 1.45 s and 1.25 s, respectively. And VSSINC and the MINC take less time than conventional INC. When the irradiance is increased to 1000 W/m 2 , MINC needs shorter time (0.55 s and 11 sampling cycles) to reach the MPP compared to VSSINC (0.7 s and 14 sampling cycles). When the irradiance is decreased to 400 W/m 2 , MINC also takes shorter time (0.25 s and 5 sampling cycles) to locate the MPP than VSSINC (1.4 s and 28 sampling cycles). During the steady state, the power losses of the MINC and VSSINC are smaller than that of the conventional INC. That is because the conventional INC has a larger oscillation compared to that of VSSINC and MINC at the steady state, as presented in Figure 8(b) .
When the irradiance is increased, the proposed technique takes shorter time (0.2 s and 4 sampling cycles) to track the MPP compared to MINC. In contract, when the irradiance is decreased, the proposed technique takes longer time (0.45 s and 9 sampling cycles) to reach the MPP than MINC. However, the overall converging speed of the proposed technique is faster than that of other techniques. The detailed tracking process of the proposed technique is illustrated in Figure 9 . Figure 9 shows the enlarged waveforms of power and duty cycle with the proposed technique when the irradiance is changed and shows the movement of the operating points on the I -V curve. From t = 0 s to t = 0:799 s, the irradiance level is 400 W/m 2 . At t = 0:2 s, the MPP is tracked as shown in Figure 8(b) , and the PV array operates at point A in Figure 9 (a). Thus, the variable Flag is set to one and the MPP voltage and current are saved as V mpp and I mpp , respectively. At t = 0:799 s, the irradiance is increased to 1000 W/m 2 , and the operating point immediately changes from point A to A 1 along the load line 1. At t = 0:8 s, CPO subroutine is called by the proposed technique because (28) is not met and Flag is one. And the CPO subroutine in Figure 6 (b) is the coarse positioning operation of the proposed technique. After the CPO subroutine is performed, the duty cycle increases from 33.6% to 50.5%, and the operating point moves from point A 1 to A 3 . At the next sample point t = 0:85 s, the FPO subroutine is called by the proposed technique. After that, the duty cycle becomes 54.3%, and the operating point moves to point A 4 . At the next sampling cycle, the proposed technique regulates the duty cycle using big step size (i.e., 0.01) because (28) (29) is met, the regulating operation with a small step size (i.e., 0.007) is not performed. When the irradiance is decreased to 400 W/m 2 at t = 2:799 s, a similar process is illustrated in Figure 9 (b). At t = 2:95 s, the regulating operation with a small step size is performed. The reason is that (28) is met, but (29) is not. After 6 sampling cycles t = 3:25 s, (29) is met. The operating point changes from point B 3 to A, and the duty cycle is 33.8%. Figure 9(b) shows that the power slowly increases from t = 2:95 s to t = 3:2 s. That is to say, the regulating operation with a small step size can improve the efficiency. 9 International Journal of Photoenergy when the irradiance level is increased from 100 W/m 2 to 400 W/m 2 . That is to say, MINC cannot be carried out for this scenario. Equation (25) is used in the proposed technique when the irradiance is increased from 100 W/m 2 to 400 W/m 2 . And the variables n and V AW in (25) are set to 3 and 4, respectively. Figure 10 shows the simulation result for this scenario. At t = 1:985 s, the irradiance level is increased from 100 W/m 2 to 400 W/m 2 . And the irradiance level is decreased to 100 W/m 2 at t = 4:96 s. During this period, the load resistance is fixed at 300 Ω, and the temperature is fixed at 25°C. When the irradiance is increased to 400 W/m 2 , the proposed technique is the fastest technique which takes 0.45 s to reach the MPP. The conventional INC is the slowest one, and it takes 2.2 s. When the irradiance is decreased from 400 W/m 2 to 100 W/m 2 , the proposed technique is the fastest technique among these techniques, which takes 0.15 s. VSSINC cannot track the MPP in 3 s, since dP/dV is very small when the irradiance level is 100 W/m 2 . That is to say, the step size of VSSINC is very small, and it results in slow tracking speed. Therefore, VSSINC is the slowest Figure 11 illustrates the detailed process of the proposed technique for the irradiance rising transient. Figure 11 shows the enlarged waveforms of voltage and duty cycle with the proposed technique when the irradiance is increased to 400 W/m 2 and shows the movement of the corresponding operating points on the I -V curve. From t = 0 s to t = 1:985 s, the irradiance level is 100 W/m 2 . At t = 0:3 s, (29) is met, and the operating point becomes point D 2 . But the tracked MPPT (i.e., point D 2 ) is not the MPP of 100 W/m 2 , point D. That is because the slope of the P-V curve (dP/dV) is small when the solar irradiation is 100 W/m 2 , which leads to (29) being easily met. At t = 1:985 s, the irradiance is increased to 400 W/m 2 , and the operating point switches from point D 2 to D 1 along the load line. At the next sampling point t = 2 s, the CPO subroutine is called. At that time, V mpp is equal to the voltage of point D 2 , V D 2 (29.67 V). Thus, V mpp /0:8 (37.09 V) is the voltage of point C 1 in Figure 11 . And the voltage of point D 1 , V D 1 , is 47.37 V. By substituting V mpp = 29:67 V, V C = 37:09 V, and V A 1 = V D 1 into (23), it is obvious that the obtained I A 2 is negative. The reason is ðV mpp /0:8Þ < V D 1 . V C is equal to 78.21 V after equation (25) is used. And 78.21 V is the voltage of point C 2 . Substituting V mpp , V C = 78:21 V, and V A 1 = V D 1 into (23) yields I A 2 = 1:57 A. After equations (21) and (22) are performed, the duty cycle becomes 61.5%. So, the operating point changes from point D 1 to D 3 . After the FPO subroutine and the regulating stage with a small step size are performed, the PV array operates at point A. Figure 12 presents the simulation results for this scenario: the load resistance is increased from 100 Ω to 200 Ω at t = 0:795 s and then decreased to 100 Ω at t = 2:795 s. From t = 0 s to t = 4:8 s, the irradiance level is kept constant at 500 W/m 2 , and the temperature is fixed at 25°C.
Load Variation Condition.
When the load resistance is increased, MINC takes shorter time (0.3 s and 6 sampling cycles) to reach the MPP compared to the proposed technique (0.4 s and 8 sampling cycles). In contrast, when the load resistance is decreased, the proposed technique takes shorter time (0.25 s and 5 sampling cycles) to locate the MPP than MINC (0.4 s and 8 sampling cycles). But the proposed technique is the fastest technique in terms of the overall converging speed.
The conventional INC is the slowest one, which takes 0.75 s and 0.85 s, respectively. Under the falling load transients, the MPP tracked by MINC is not the MPP of 500 W/m 2 , as shown in Figure 12 (b). And it results in low efficiency and large power losses.
One-Day Irradiance
Profile. For the one-day efficiency, the daily (12-hour) irradiance profile of August 23, 2019, in Nanchang City, China, is considered. Figures 13 and 14 present the simulation results for this scenario, where the solar irradiation varies between every 5 min. During the period, the load resistance is kept constant at 300 Ω, and the temperature is fixed at 25°C.
It is obvious that the conventional INC has large steady state oscillations, as shown in Figures 13(a) and 14. Figures 13(b) and 14 show that the VSSINC has small steady state oscillations. When the solar irradiation is increased, the duty cycle should be decreased, but due to the inaccurate response, the duty cycle is decreased [11] . When the solar irradiation suddenly changes, the duty cycle is suddenly decreased by a big step size, which is equal to N × |dP/dV| or the maximum step size 0.04. And it causes a sudden drop in the current and power and also causes the voltage to suddenly increase, as shown in Figures 13(b) and 14 .
It can be found that the voltage decreases from 9:00 as shown in Figure 13(c V PV (V) Figure 11 : The process of the proposed algorithm when the irradiance is increased to 400 W/m 2 .
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International Journal of Photoenergy MPP and jdP/dVj < 0:06 is met. And it results in large power losses. As presented in Figure 13(d) , the proposed technique has neglected steady state oscillations. The tracked power of the proposed technique is less than that of the conventional INC and VSSINC when the solar irradiation is small, as shown in images 1 and 3. That is because the slope of the P-V curve (dP/dV) is small when the solar irradiation is small, which leads to (29) being easily met. Image 2 shows that the tracked power of the proposed technique is higher than that of the other techniques. 
It is found that the tracking speed of the proposed technique is 4.1 times, 3.2 times, and 1.2 times faster than the conventional INC, VSSINC, and MINC, respectively, for the irradiance variation under strong intensity, as presented in Table 3 . The tracking power loss with the proposed technique is less than other techniques, and the efficiency is also higher than other techniques, under this scenario.
For the irradiance variation under weak intensity, the response speed of the proposed technique is 7.3 times and 5.8 times faster than the conventional INC and VSSINC, respectively. The tracking power loss with the proposed technique is less than that of the conventional INC and VSSINC. And the efficiency is increased by 13.85% and 9.58% in comparison with the conventional INC and VSSINC, respectively, under this scenario. The average tracking time required by the conventional INC, VSSINC, and MINC under the load variation is 0.8 s, 0.5 s, and 0.35 s, respectively, but the proposed technique requires 0.33 s. The tracking power loss is decreased by 8.84%, 4.55%, and 4.37% in comparison with the conventional INC, VSSINC, and MINC, respectively, during the load variation. And the efficiency is also higher than other techniques.
The efficiency is increased by 1.73%, 1.54%, and 7.73% in comparison with the conventional INC, VSSINC, and MINC, respectively, under the one-day profile scenario.
The steady state oscillation of the proposed technique is neglected because (28) is used. And thanks to (29) , the efficiency of the proposed technique is improved. The conventional INC has a large steady state oscillation. That is because the duty cycle has an oscillation at the steady state. In terms of overall efficiency, the highest is the proposed technique at 95.28%, followed by the MINC and VSSINC, 
